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CD23 is the low-affinity receptor for immunoglobulin (Ig)E and plays impor-
tant roles in the regulation of IgE responses. CD23 can be cleaved from cell
surfaces to yield a range of soluble CD23 (sCD23) proteins that have pleio-
tropic cytokine-like activities. The regions of CD23 responsible for interac-
tion with many of its known ligands, including IgE, CD21, major
histocompatibility complex (MHC) class II and integrins, have been identified

and help to explain the structure—function relationships within the CD23
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Introduction

Immune responses are subject to regulation at many levels,
including the influence of different groups of cytokines, cell—
cell contact via adhesion interactions and receptor-mediated
positive and negative feedback circuits. The low-affinity
receptor for immunoglobulin (Ig)E, also known as FceRII or
CD23, participates in all these regulatory processes, either as
a membrane-bound glycoprotein or as a freely soluble
protein. Structural biology approaches have revealed the fine
molecular details of the soluble CD23 (sCD23) protein and
the interaction surfaces used by sCD23 to bind its various
ligands, and molecular biological and mutagenesis studies
have defined critical residues involved in performance of
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protein. Translational studies of CD23 underline its credibility as a target for
therapeutic intervention strategies and illustrate its involvement in mediating
therapeutic effects of antibodies directed at other targets.
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biological functions. CD23 has been suggested to have utility
as a diagnostic marker in a range of diseases and to be impli-
cated in the cellular and molecular processes associated with
a variety of pathological states; the latter feature has made
CD23 a target for therapeutic intervention.

General features of CD23

CD23 was defined initially as the low-affinity receptor for
IgE [1,2]. As a membrane protein, CD23 is a type II trans-
membrane glycoprotein of approximately 45 kDa molecular
weight comprising a large C-terminal globular extracellular
domain that is strikingly similar to C-type lectins, followed
by a stalk region bearing several repeats that serve as a
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Fig. 1. Primary structural features of human CD23. (a) The 321 amino acids that comprise the primary structure of human CD23a [1,2,55].
Individual contact residues or binding regions for CD23 ligands are shown in green (major histocompatibility complex class II [45]), bold type
(awv integrins [51]), blue (IgE [44]) or red (CD21 [44]). The colours of the latter three interaction surfaces are identical to those used on the models
shown in Fig. 3C. The unique N-terminal sequence of CD23a is shown as italicized letters, and protease target residues are shown as italicized red
letters. Note that glu®® is underlined, as it is both a CD21 contact residue and a protease target [27,28,44]. (b) The rough delineation of regions of
human CD23a into the lectin head, stalk, neck, transmembrane helix and cytoplasmic tail domains. The bar diagram shows the position of the
ligand binding surfaces using the same colours used in (a) (and in Fig. 3¢), with the exception of the awv integrin binding site, which is depicted in
yellow; residues at the boundaries of the ligand interaction surfaces are noted. Protease binding sites are identified by triangles, with red indicating
an ADAM cleavage site [24,25] and blue a der pl target [27,28]; the proteases cleave to the C-terminal side of the indicated residues. Finally, the
unique N-terminal sequences of the CD23a and CD23b isoforms for human (CAPITAL) and murine (lower-case) proteins are shown. The unique
sequences are shown in italics and the common sequences contributed by exon 3 of the relevant gene are shown in normal case [55]. The motif
responsible for endocytosis of human CD23a is highlighted in blue [79,80].

putative leucine zipper that are important in CD23 oligo-
merization; the stalk region is followed by a short extracel-
lular sequence (in human CD23), a single hydrophobic
membrane-spanning region and a short N-terminal cyto-
plasmic domain [3-7] (Fig. 1). CD23 is expressed in T and B
lymphocytes [8], polymorphonuclear leucocytes [9-11],
monocytes [10,12], follicular dendritic cells [13], intestinal
epithelial cells [14] and bone marrow stromal cells [15], and
its expression to subject to regulation by a number of
stimuli. In humans, CD23 is encoded by an 11-exon gene,
FCER2, located at chromosome 19p13.3 [16], in a cluster
with the DC-SIGN and DC-SIGNR genes [17]; the murine
equivalent is located on chromosome 8 [18]. CD23 differs
dramatically from the high affinity receptor in terms of
structure. FceRI has multiple subunits [5,6,19], whereas
FceRII is comprised solely of a CD23 polypeptide. As the
names suggest, their affinities for IgE differ (FceRI binds IgE
with a Kp ~ 1 nM while monomeric CD23 interacts with IgE
with a Kp ~ 0-1-1 uM), although the membrane-bound
form of CD23 is trimeric [20] and the contribution of the
avidity of the trimer for ligand yields a net affinity closer to
that of the high-affinity receptor and comparable to that of
FcyRI for I1gG monomers [21]). Signalling pathways and
functional consequences of ligand binding to the receptors
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are also different [22,23]; for example, cross-linking of FceRI
leads to degranulation of mast cells and release of a number
of potent pharmacologically active mediators, while engage-
ment of membrane-bound CD23 suppresses the production
of IgE by B lymphocytes.

In addition to its role as a low-affinity receptor for IgE,
CD23 can also be released from cell surfaces as a range of
freely soluble CD23 (sCD23) proteins of 37 kDa, 33 kDa,
25 kDa and 16 kDa, all of which bind IgE and have cytokine-
like activities. The metalloprotease responsible for CD23
release from cells is ADAMI10 [24,25], which cleaves at the
C-terminal side of either ala® to generate the 37 kDa sCD23
molecule or arg'” to yield the 33 kDa species [25]. Mice
lacking ADAM10 expression in B cells display defective
release of CD23, confirming that ADAM10 is necessary for
CD23 cleavage and release in vivo [26]. A further naturally
occurring sCD23 fragment is derCD23, produced by action of
the der p1 protease found in the faeces of the house dust mite
Dermatophagoides pterronysinus; der pl cleaves between
ser'/ser’™ and glu®/ser*® in CD23 to yield the 16 kDa
derCD23 fragment [27,28]. The kinetics and affinity of the
interaction of sCD23 with IgE and the ability of sCD23 to
diminish or enhance IgE synthesis in stimulated B cells is
linked to its oligomerization state. Thus, monomeric sCD23
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Fig. 2. Pleiotropy of human sCD23. The effects of sCD23 on B cells, T cells and myeloid cells are illustrated showing biological responses and,

where appropriate, signalling responses. An asterisk (*) indicates that the observed effect required the presence of interleukin (IL)-1o. Where

defined, the receptors mediating the effects of sCD23 are identified (e.g. blue triangle for CD21, pairs of coloured bars for integrins). The upper
panel shows the effects on B cell precursors [34,51,52], on activated B cells alone [30] and in the presence of immunoglobulin (Ig)E bound to
monomeric and trimeric sCD23 [29], and on centrocytes [33]. The lower left-hand panel illustrates effects on CD4" bone marrow and thymocyte

[36] T cell precursors and the lower right-hand panel shows the responses driven by sCD23 in monocyte precursors [35] and mature

monocyte/M® [38,47,49,50,61,62]. Note that no data confirming that o5 can promote cytokine release are currently available, although this is

highly likely, and the question-mark (?) on the figure denotes this.

species, such as derCD23, show monophasic kinetics of inter-
action with a Ce2—4 domain construct of the IgE Fc region
that is of low (micromolar) affinity, and inhibit IgE synthesis
in activated B cells [29]. By contrast, trimeric sCD23 mol-
ecules display a biphasic interaction with IgE Fc fragments,
including a higher affinity component (10-100 nM), and
enhance IgE synthesis by activated B cells [29]. The other
cytokine activities of sCD23 species have been best studied in
human models, and it is clear that sCD23 is highly pleiotropic
(Fig. 2). Thus, in the B cell compartment, sCD23 sustains the
growth of activated mature B lymphocytes, possibly via an
autocrine mechanism [30-32], promotes differentiation of
germinal centre centroblasts towards the plasma cell pool [in
association with interleukin (IL)-1ot] [33], and allows B cell
precursors to evade apoptosis [34]. In other lineages, sCD23
promotes differentiation of myeloid precursors [35], thy-
mocytes [36] and bone marrow CD4" T cells [37], again in
association with IL-10., and also drives cytokine release by
monocytic cells [38]. Given its roles in lymphocyte survival
and cytokine release by monocytes, it is no surprise that
sCD23 has been linked to the pathophysiology of neoplastic
and autoimmune inflammatory conditions (see below).

CD23 ligands and signalling
CD23 has multiple ligands, including IgE, CD21 and

members of two families of integrins. The principal ligand
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is IgE, which is bound by both membrane-bound and
soluble trimeric CD23 species. The site recognized by CD23
resides in the Ce3 domain of IgE protein and CD23 steri-
cally hinders IgE binding to FceRI; binding of IgE to CD23
is carbohydrate-independent (i.e. does not require any
lectin-like activity of the head domain). The next best char-
acterized ligand for CD23 is CD21 [39]. The interaction
with CD21 depends on short consensus repeats in CD21
[40] and occurs when the proteins are freely soluble in
solution (sCD21-sCD23 complexes are readily detected in
plasma [41]), or are membrane proteins. In the case of
membrane proteins, activation of human B cells promotes
homotypic adhesion, and the cell clusters are disrupted by
anti-CD21 or anti-CD23 antibodies [42], indicating that
these two membrane proteins can interact functionally in
trans. There is no equivalent homotypic adhesion in
murine B cells [43]. The interaction of CD23 with CD21
involves both carbohydrate-dependent and independent
interactions [40], and the interaction of derCD23 with
CD21 is approximately micromolar (Kp ~ 8:7 %107 M)
[44]. CD23 can also interact in cis and trans with major
histocompatibility complex (MHC) class II proteins, in a
carbohydrate-independent manner, using structures in the
CD23 protein that are located in the stalk region of the
molecule [45]. This interaction is believed to facilitate
antigen processing and presentation by antigen—IgE com-
plexes captured by CD23 [46].
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Fig. 3. Higher structural features of CD23. (a) A ribbon diagram of the CD23 protein (left-hand image) illustrating the organization of the

eight B strands and 2 o helices that comprise the lectin head domain; loop regions are also clear [43]. (b) Surface view of the CD23 lectin head

demonstrating the position of acidic (red) and basic (blue) residues predicted to be important in oligomerization of CD23 [43]. (c) The spatial

separation of the interaction surfaces for IgE (blue), CD21 (red) and o integrins (yellow) on the lectin head domain [38,43]; these colours match

those used in the primary structural diagram in Fig. 1. Note that the major histocompatibility complex class interaction site resides at the base of

the stalk region and is not included in nuclear magnetic resonance (NMR) or crystal structures to date. Images were generated with Pymol software
(DeLano Scientific LLC, San Francisco, CA, USA) using the NMR structure of CD23, accession code IT8C.

The first CD23-binding integrins to be identified were the
oMp2 [47,48] and aXP2 [47] members of the leucocyte
integrin family. The ability of anti-integrin antibodies to
inhibit binding of CD23 to monocytes or to mimic the
effects of CD23 on the cells indicated that these integrins
bound CD23 and were linked functionally to monocyte
responses to CD23 [47-50]. Affinity-based approaches dem-
onstrated that ovf3 was also a functional receptor for CD23
in monocytic cells [38], again leading to cytokine release,
and that avp5 is a sCD23 receptor linked to growth and
survival of human B cell precursors [51]. The av integrins
recognize a short tripeptide motif of arg-lys—cys (RKC) in
CD23 in a carbohydrate-independent interaction [51] and
the affinity of the avp5-derCD23 interaction is approxi-
mately micromolar [51], which is broadly equivalent to that
found for the derCD23-CD21 interaction [44]. It is not
known whether the B2 integrins also recognize the same
RKC sequence bound by ow integrins. The binding sites for
CD23 on the o and P2 integrins remain to be elucidated,
but available data suggest that this is distinct from the site on
the integrin that binds matrix proteins by recognition of
arg—gly—asp (RGD)-type sequences [51].

Because CD23 exists in membrane-bound and soluble
forms, it can both deliver and receive signals. Thus, sCD23
has been demonstrated to drive nitric oxide (NO) produc-
tion, cyclic adenosine-5"-monophosphate (cAMP) synthesis
and cytokine release from monocytic cells [50] and, in this
case, integrins appear to act as the receptors for the sCD23
protein. It is clear in human monocytic cells that stimulation
of the oMP2 and oXB2 integrins with specific monoclonal
antibodies (mAbs) both mimics the effect of sCD23 on the
cells and triggers the mitogen-activated protein (MAP)
kinase cascade [49] and activates nuclear factor (NF)-kB

© 2010 The Authors

[50]. Similarly, sCD23 activates extracellular regulated kinase
(ERK) phosphorylation and, to a much lesser extent, the
phosphatidyl insitol 3 (PI-3) kinase pathway in human B cell
precursors; the extent and kinetics of ERK phosphorylation
are modified by inputs from both G-protein-coupled recep-
tors (CXCR4) and receptors with intrinsic tyrosine kinase
activity [platelet-derived growth factor receptor (PDGFR)]
[52].

Structural biology of CD23

The structures of two different forms of sCD23 have been
determined by both nuclear magnetic resonance [44] and
X-ray crystallographic methods [53] and the data obtained
from both approaches are in broad agreement. The overall
folding pattern of the CD23 lectin head is similar to those of
C-type lectins, and the structural data indicate that two
calcium-binding sites are present in the domain. However,
the crystallographic and nuclear magnetic resonance (NMR)
data sets give opposite results with respect to occupation of
these sites, with the crystal data suggesting that the so-called
principal site has bound calcium while the NMR sets indi-
cate that the secondary, but not the principal site, is occupied
by calcium [44,53]. Uniquely among Fc receptors, CD23
does not belong to the immunoglobulin superfamily of
proteins as it lacks any domain with a [-sheet rich
immunoglobulin-like fold [44,53]. The lectin-head domain
of CD23 has eight B strands and two orthogonal o-helices,
and also has an unusual placement of charged groups, with
acidic residues being clustered on one face of the domain and
basic groups being located on the opposite face (Fig. 3). Two
discrete patches of residues of opposite charge, located at
leu', lys*'?, his?” and at asn*?, glu®', val** and tyr**, form
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the surfaces that make contact between CD23 monomers
and so facilitate oligomerization of CD23 by allowing the
head domains to interact in a charge-dependent manner
[44].

The NMR analysis of CD23 also identified the interaction
surfaces for two of the main ligands for CD23, namely IgE
and CD21. The IgE binding surface is located as a continuous
surface on the lectin head and the participating residues
(trp184, arg188’ tyr189, a.1a190, leu198) hiSZOZ) ile221) gly222) arg224)
asnzzs) leu226, ’[rp234, Va1235, alazn) CYSZ73, aSp274, lysz76 and alazm)
revealed by chemical shift analysis in by NMR are consistent
with earlier data from mutagenesis studies [54]. Binding of
CD21 is dependent upon a series of short consensus repeats
(SCRs) in the CD21 molecule [40] and these contact four
residues (glu®™*, gly*”, ser *° and glu®®) in the carboxy-
terminal tail of derCD23, a region that is spatially distinct
from the IgE interaction surfaces [44]. This spatial separa-
tion of CD21 and IgE binding surfaces means that CD23 can
bind the two ligands simultaneously, and the implications of
this ternary interaction for regulation of IgE responses has
been discussed recently in detail by others [5,6,44]. The resi-
dues required for binding to CD21 are absent in murine
CD23, and this explains in part why murine CD21 fails to act
as a receptor for murine CD23. The region responsible for
binding to ow integrins is also spatially distinct from the
MHC class II, CD21 and IgE binding surfaces (Fig. 3), and is
located on a highly mobile and solvent-exposed loop located
between the B0 and PB1 strands of the lectin head domain,
and peptide mapping data suggest that the critical residues
are arg'”?, lys'” and cys'” [51]; because cys'”® participates in a
disulphide bond with cys'®, the side chain of cys'’* is unlikely
to make contact with the target integrins. Murine CD23
protein lacks the residue equivalent to arg'”* that is necessary
for interaction with the o integrins, and this explains par-
tially why murine sCD23 is devoid of av integrin-dependent
cytokine-like activity. The site for interaction with MHC
class II molecules encompasses residues glu*® to lys”
(sequence ERAARNVSQVSK) located in the stalk region of
the CD23 protein [45], but is not included in the structural
data sets.

Molecular cell biology of CD23 isoforms and
immunoregulatory functions of CD23

The CD23 gene has two transcription initiation sites and
differential usage of these sites and alternate splicing of RNA
transcripts gives rise to two distinct protein isoforms, CD23a
and CD23b [55], which differ by six or seven amino acids in
the N-terminal cytoplasmic domain of the protein in both
murine and human systems (Figs 1 and 4). In broad terms,
CD23a is expressed constitutively in B cells while transcrip-
tion of the CD23b isoform is subject to up-regulation fol-
lowing Epstein—Barr virus (EBV) infection [56], stimulation
by IL-4 in B cells [57] or monocytes [12] or by engagement
of CD40 on B cells [58]. Elements in the human CD23a and
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Fig. 4. Functions of CD23 isoforms. The functions of the two human
CD23 isoforms are noted in the table below the sketches of CD23a
(blue N-terminal domain) and CD23b (red) N-terminal domain. The
isoforms are shown as trimeric forms interacting with a single IgE
drawn to represent the highly bent conformation of IgE [127].
Isoform functions are described for B lymphocytes [55,60,64],
intestinal epithelial cells (IEC) [14,79,80], monocyte/macrophages
(M®) [49,50,61,64,123] and CLL cells [7].

CD23b promoters that are responsive to defined stimuli (e.g.
IL-4, CD40L) have been mapped [56,59]. The CD23a and
CD23b isoforms are linked to different signalling pathways
and to distinct receptor internalization systems. Thus, liga-
tion of CD23 in B lymphocytes promotes both inositol lipid
hydrolysis and calcium mobilization [60] and delayed cAMP
accumulation [61], while an equivalent stimulation of
monocytic cells produces only cAMP accumulation and no
lipid signalling; NO production following CD23 ligation
appears to be restricted to monocytes [62]. CD23a is sug-
gested to associate with the fyn tyrosine kinase, probably via
tyr® of the CD23a cytoplasmic domain, a feature absent from
CD23b [63]. In terms of uptake and re-cycling of CD23,
CD23a appears to enter the cell via an endocytic pathway,
and possession of the sequence YSEIL broadly equivalent to
the well-defined Yxx¢ (where ¢ is a bulky hydrophobic
group) pro-endocytic sequence is consistent with this obser-
vation [64]. CD23b does not appear to undergo endocytosis
efficiently, but rather appears to target IgE-coated particles to
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a phagocytic uptake pathway [64]. These distinct internal-
ization pathways, and the association of CD23 with MHC
class IT molecules [65], suggest important roles for handling
of IgE—allergen complexes bound by CD23 isoforms.

The ability of CD23 to internalize I[gE—antigen complexes,
particularly via CD23a-mediated endocytosis, indicates a
role for CD23 in antigen presentation and, by extension,
regulation of immune responses. Mice devoid of CD23 or
those strains bearing mutations in CD23 that depress expres-
sion of CD23 at the cell surface show a failure in antigen
processing and presentation of IgE—antigen complexes and a
hyper-IgE phenotype relative to normal animals [66—68]. By
contrast, mice that overexpress CD23 show depressed levels
of IgE [69,70], and T and B cell responses to soluble antigens
can be enhanced by several orders of magnitude when the
antigen is complexed with IgE; this enhancement effect is
dependent upon CD23 [71] and, specifically, CD23" B cells
[72]. Thus, immunization of mice with complexes of
trinitrophenyl-ovalbumin (TNP—-OVA)/IgE drives enhanced
proliferation of splenic OVA-specific T cells and enhanced
production of antibody [72]. The IgE-mediated enhance-
ment results in increased production of antigen-specific
antibody not only of the IgE isotype, but also IgM, IgG1 and
IgG2a classes, and establishment of immunological memory
is enhanced [73,74]. The absence of IgE-mediated enhance-
ment of immune responses in CD23™~ mice [75] demon-
strates the pivotal roles of CD23 in mediating the
enhancement responses, and such responses can be restored
in CD23™" mice by adoptive transfer of CD23* splenocytes or
bone marrow cells [76]. In vivo analysis of handling of
injected immune complexes indicates that while I1gG2a—
antigen complexes are retained in the marginal zone, IgE—
antigen complexes are associated with follicular B cells, that
are strongly positive for CD23, within 30 min of antigen
administration [77], suggesting that CD23" B cells them-
selves transport IgE—antigen complexes to splenic follicles
for subsequent processing and presentation to T cells.

The debate over the existence of a CD23b isoform in mice
has been resolved decisively by the demonstration that this
isoform plays a key role in transcytosis of IgE and IgE—
antigen complexes in intestinal epithelial cells (IECs), a func-
tion that has consequences for the development of food
allergies [14,78]. CD23b is expressed at the apical surface of
polarized epithelial cells and mediates the transport of IgE—
antigen complexes from this location to the basolateral face
of the cell. Moreover, murine IEC express a novel splice
variant of CD23b, CD23bA5, that lacks sequences encoded
by exon 5 of the CD23 gene that are located in the coiled-coil
stalk region of the extracellular domain of CD23 [79].
CD23bA5 thus differs from CD23b in two critical ways. First,
CD23bA5 is internalized constitutively while full-length
CD23b is not, indicating that structures in the extracellular
domain of CD23D play a key role in regulating uptake of the
molecule and, secondly, CD23bAS5 is capable of specifically
transporting IgE itself from the apical to basolateral face of

© 2010 The Authors
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the cell [79]. Further analysis of murine IEC demonstrated
the presence, at very low abundance, of transcripts lacking
sequences derived from exons 6, 5 and 6, and 5, 6 and 7; all
these mutants displayed constitutive endocytosis, further
emphasizing the role of extracellular structures of the CD23
protein in regulating its uptake [80]. Like CD23bA5, CD23a,
in both murine and human epithelial cells, undergoes con-
stitutive AP2-dependent endocytosis via clathrin-coated pits
[80]. Initial immunohistochemical analyses of human IECs
suggested that CD23 was located at both the apical and baso-
lateral surfaces of the cells [81], but more molecular studies
have revealed that human IEC constitutively express both
CD23a and CD23b isoforms and that these distribute differ-
ently in polarized cells (Fig. 4). The CD23a isoform, like
murine CD23bA5, undergoes endocytosis via clathrin-
coated pits that is dependent upon the AP2 complex, and is
located principally at the basolateral pole of the cells,
although it is also present in vesicles near the apical mem-
brane [80]. By contrast, the human CD23b isoform, like its
murine counterpart, persists at the cell surface and is local-
ized to the apical face of the cell. These data suggest that the
seven residues unique to CD23a isoforms contain motifs
critical for both endocytic uptake and, in polarized cells,
targeting of the isoform to the basolateral pole of the cells. As
noted above, tyr® of CD23a is located in a canonical
endocytic motif in the CD23a proteins of mouse and man,
and mutation of this residue prevents both endocytosis and
apical to basolateral transcytosis [80]. The N-terminal
unique sequence of CD23b appears, by contrast, to possess
motifs essential for retention of this isoform at the plasma
membrane. Finally, no equivalent to the CD23bA5 splice
variant has been detected in human intestinal epithelial cells
[80] and it is therefore possible that CD23a substitutes func-
tionally for this splice variant in human cells and is respon-
sible for transcytotic movement of IgE and IgE-antigen
complexes.

Genome-wide association studies have probed the contri-
bution of polymorphisms in the region surrounding the
FCER2 gene located at 19p13.3. A study of Finnish and
Catalan populations revealed polymorphisms in the region
of the human FCER2 locus showing associations with
elevated IgE levels and a haplotype that was enriched in
atopic individuals [82]. A screen for genes conferring sus-
ceptibility to inflammatory bowel disease initially identified
four specific genes, including FCER?2, that had weak associa-
tions with IBD, but detailed meta-analysis did not support
an involvement of these genes in predisposing individuals to
IBD [83]. The FCER2 single nucleotide polymorphism
T2206C was shown to be associated with decreased expres-
sion of CD23 and with elevated levels of IgE and more severe
asthma in children [84], and to also be associated with
poorer lung function [85]. Studies of associations between
polymorphisms at 19p13.3 and susceptibility to severe acute
respiratory syndrome in Asian populations identified a poly-
morphism in ICAM3 that predisposed to infection [86], but
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failed to find associations with FCER2 polymorphisms
[86,87]. By contrast, a population-based, case—controlled
study of 1360 single nucleotide polymorphisms (SNPs) in
149 loci identified FCER2 rs7249320 as the SNP associated
most significantly with increased risk of lung cancer in
Chinese populations exposed to indoor smoky coal [88].
Recent studies have defined several SNPs in the CD23 pro-
moter region (rs28364072, rs2228137 and rs3760687) that
influence affinity of transcription factor binding and, by
extension, efficiency of transcription of the CD23 gene [89].
The rs228137 SNP is a non-synonymous mutation that gives
rise to the R42W mutation at the level of the protein. CD23
bearing trp at position 62 is more resistant to proteolysis
than wild-type CD23, and patients harbouring this mutation
show elevated T cell responses to allergens [90]. This muta-
tion also resides in the region responsible for interaction
with MHC class II molecules.

Neoplastic disease

Many reports suggest that elevated CD23, either on neoplas-
tic cell surfaces or as a soluble form, is a useful marker in
either diagnosis or prognosis of disease. Cells derived from
patients with mantle cell lymphoma [91], small cell lympho-
cytic lymphoma [92] or plasmacytomas with abnormalities
on chromosome 11 [93] all have elevated levels of CD23, as
do cells from follicular dendritic cell sarcoma [94], whereas
CD23 is generally absent from follicular lymphoma cells [95]
and acute lymphoblastic leukaemia cells. EBV-transformed
cells express high levels of CD23 [96] and CD23 is a useful
marker in delineating mediastinal diffuse large B cell lym-
phoma from classical Hodgkin’s lymphoma [97]. However,
the diagnostic and prognostic utility of analysis of expres-
sion of CD23 and plasma sCD23 has been studied most
widely and debated in B cell chronic lymphocytic leukaemia
(B-CLL) [98,99].

CLL B cells have a characteristic phenotype of sIg"/
CD19"/CD5* and CD23*. Both CD23a and CD23b isoforms
are expressed by the tumour cells, although CD23a domi-
nates and CLL cells can present antigen delivered as IgE—
antigen complexes very efficiently [100]. There is some
aberrant regulation of CD23 expression in CLL, however,
and CLL B cells are less effective in up-regulating CD23b in
response to IL-4 stimulation than normal B cells. The fact
that B cell proliferation appears to be linked to the ability of
the cells to respond to IL-4 and express CD23b has been
interpreted to reflect differing roles for the CD23 isoforms in
CLL fate, with CD23a being linked to CLL cell survival and
CD23D to active proliferation of the cells [101,102]. Normal
individuals have plasma sCD23 levels of approximately
10 U/ml (equivalent to 1 ng/ml sCD23 protein), while CLL
patients can have sCD23 concentrations that are five- to
300-fold higher [103]. Classical studies indicated that a
simple assessment of plasma sCD23 could be used to predict
disease outcome. Thus, individuals with a plasma sCD23
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concentration of lower than 574 U/ml had a more positive
prognosis than those with sCD23 concentrations above this
threshold value [104]. Diagnosis and prognosis of CLL now
relies more upon expression of CD38 and immunoglobulin
Vi mutation status [105], and on the presence of ZAP70
mutants [106] than on CD23, but assessment of the dou-
bling time of plasma CD23 levels is still the most significant
independent variable in predicting time to treatment in CLL
patients [107]. Thus, patients with a doubling time of more
than 1 year are significantly less likely to progress to treat-
ment than those with a shorter sCD23 concentration dou-
bling time [107]. The levels of surface CD23 on CD5* cells
can also be useful in differential diagnosis of CLL and mantle
cell lymphoma, with the latter generally showing lower levels
of CD23 than CLL cells [91].

Autoimmune inflammatory disease

Soluble CD23 levels are elevated in a range of disease con-
ditions with an autoimmune or inflammatory component,
including in the plasma [108] and saliva [109] of patients
with Sjogren’s syndrome, in systemic lupus erythematosus
(SLE) patients [108], and in both adult [110] and juvenile
[111] rheumatoid arthritis cases. In rheumatoid arthritis
there is a striking elevation in sCD23 in plasma and synovial
fluid [112], and particularly in the latter during erosive
disease flares [113]. In these scenarios, the elevated sCD23
could arise either from polyclonal activation of B cells or by
activation of monocytes, and in all cases it is equally unclear
how sCD23 might contribute to the pathology of the disease.
However, as sCD23 binds numerous receptors on monocytes
(aMP2, aXB2, ovPB3, avP5) to promote the release of proin-
flammatory cytokines (Fig. 2), it is possible that sCD23 itself
behaves as a proinflammatory cytokine. Soluble CD23,
released from activated B cells at the inflamed site, could act
in a juxtacrine manner to promote cytokine release by
monocytes, while sCD23 released by macrophages could
then act in an autocrine manner to promote further and
sustained cytokine release, thus exacerbating the response.
Perturbing this mode of sCD23 activity would be a poten-
tially useful adjunct to notably successful anti-tumour
necrosis factor (TNF)-ou therapies such as etanercept and
infliximab [114].

Immunotherapy; CD23 as target and mediator

The involvement of CD23 in the IgE system, immune regu-
lation and as a cytokine and signalling receptor has made
it an obvious target for therapeutic intervention, and
antibody-based approaches were driven forward by encour-
aging data from animals models that demonstrated that anti-
CD23 antibodies had beneficial effects in a rat model of
antigen-specific IgE-mediated allergy [115] and in a murine
model of collagen-induced arthritis [116]. The high level of
CD23 on the neoplastic cells of CLL patients, coupled with

© 2010 The Authors

Clinical and Experimental Immunology © 2010 British Society for Immunology, Clinical and Experimental Immunology, 162: 12-23



the suggestion that the CD23a isoform might be linked to
CLL survival, have led to attempts to block CD23 activity
using antibody-based approaches. The chimaeric anti-CD23
antibody lumiliximab (macaque variable regions and human
framework and constant regions) has been shown to
augment the toxicity of fludarabine, cyclophosphamide and
rituximab (FCR) towards CLL cells in vitro [117]. A Phase
I/IT trial using 350-500 mg/kg lumiliximab in association
with FCR showed not only that lumiliximab was well toler-
ated by patients but also demonstrated that just over half of
patients progressed towards complete remission, a value that
is higher than that observed for FCR treatment alone. More-
over, the high plasma levels of sCD23, that are known to
increase as disease progresses, were shown not to compro-
mise the ability of lumiliximab to bind to cell surface CD23
[117]. Like rituximab itself, lumiliximab promotes death of
CLL cells via the intrinsic (i.e. mitochondrial) pathway of
apoptosis [118]. Lumiliximab has also been demonstrated to
have effects on antigen-presenting cells (APCs) from atopic
individuals. Treatment of APCs with lumiliximab reduced
allergen-driven cytokine release from APCs and promoted a
50% reduction in proliferation of peripheral blood mono-
nuclear cells from the same patients [119].

CD23 can also play an active role in mediating the benefi-
cial effects of administered therapeutic antibodies by virtue
of its function as an IgE receptor. Treatment of ovarian car-
cinoma using the chimaeric MOv18 anti-folate binding
protein antibody of the IgE class was significantly more
effective than an IgG1 isotype antibody of identical antigen
specificity [120,121]. The critical cells in the protective effect
are monocytes and the IgE antibody mediates its effect by
promoting distinct therapeutic responses via its two differ-
ent receptors [121]. Thus, FceRI ligation brings about a toxic
response towards the target tumour cells, while CD23 per-
forms a phagocytic function [120,121]. MOv18 as an IgE
isotype mADb afforded good protection in vivo in a trans-
planted ovarian tumour cell model. More recent studies have
applied the same principles to the anti-HER2/neu mAb,
trastuzumab. Once again, trastuzumab presented as an IgE
isotype recruited distinct effector responses towards HER2/
neu-positive tumour cells [122]. As a further illustration of
its ability to mediate cytotoxicity, CD23 is also pivotal in
expression of anti-microbial toxicity in protective responses
against Mycobacterium avium mediated by human macroph-
ages [123].

Lumiliximab has shown considerable promise in therapy
of CLL, but as yet there are no reports of its application
in autoimmune inflammatory disorders. Indeed, despite
encouraging data from animal models, hopes that Vitaxin, a
humanized IgG1 anti-owvB3 Mab, would prove useful in
treatment of rheumatoid arthritis [124] have not been ful-
filled, despite the success of Vitaxin as an anti-angiogenic
agent in tumour therapy [125]. Alternative strategies have
been adopted to derive CD23-directed therapeutics in
autoimmune inflammatory disorders. Screening of a phage-
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display library using sCD23 identified a CD23-binding hep-
tapeptide (p30A, sequence FHENWPS) with translational
potential [126]. Thus, p30A, but not control heptapeptides,
blocked binding of both CD23 and IgE—anti-IgE complexes
to human macrophages, and also inhibited CD23-driven NO
production and release of proinflammatory cytokines from
the macrophages. Analysis of rheumatoid arthritis patients
showed that p30A again attenuated CD23-driven NO pro-
duction and release of IL-6 and TNF-o from synovial mac-
rophages in vitro [126]. In a rat model of adjuvant-induced
arthritis, treatment of the animals with p30A either simul-
taneously with disease inducers or after disease induction led
to attenuation of disease progression, demonstrating that
P30A has potential to be developed as an in vivo therapeutic
agent that is highly selective for CD23. Because ov integrins
recognize a short linear sequence in CD23 [51], similar
peptide-based approaches may prove applicable in perturb-
ing the CD23-driven cytokine release from monocytic cells.

Concluding remarks

The structure—function relationships of the CD23 protein
are increasingly well understood and demonstrate that there
is considerable functional flexibility in the protein, regulated
by specific interaction surfaces, single key residues or the
oligomeric state of the protein. The validity of CD23 as a
target for therapeutic intervention is clear. The variety of
CD23 ligands and the roles of cells bearing CD23 receptors
in development and maintenance of pathology mandate that
lumiliximab will be only the first of a number of interven-
tions that target or, like MoV'18, use CD23 as part of a thera-
peutic strategy. The use of small peptide-based agents, such
as p30A, are likely to guide the development of peptidomi-
metic and other small organic compounds that aim to
antagonize the interactions of CD23 with specific ligands to
therapeutic benefit.
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